Abstract. Studies with extracts obtained from mung beans (Phaseolus aureus) showed that UDP-N-acetyl i-glucosamine is formed from D-fructose 6-phosphate by a series of the following enzymic reactions: or glutamine aspara-gint D-Fructose 6-phosphate -4 D-glucosamine 6-phosphate
showin that an enzyme whiclh catalyzes the formation of UDP-N-acetyl-D-glucosamine from UTP and N-acetyl a-D-glucosamine 1-phosphate is present in mung bean seedlings (19) .
Lowther and Rogers (27) found that the nitrogen atom of D-glucosamine in streptococcal suspensions is derived from L-glutamine. Leloir and Cardini (24) demonstrated that cell-free extracts of Neurospora crassa catalyzed the conversion of hexose phosphate and L-glutamine to a hexosamine phosphate which was identified as D-glucosamine 6-phosphate, and that the hexosamine nitrogen is derived from L-glutamine. Alternatively, crude pig kidney preparations were shown by Leloir and Cardini (25) to contain glucosamine 6-phosphate deaminase, later purified by Comb and Roseman (10) , which catalyzes the reversible conversion of D-glucosamine 6-phosphate into fructose 6-phosphate and ammonia, thus affording a pathway for the biosynthesis of glucosamine in which the amino group is derived from ammonia. Fructose 6-phosphate was shown to be the amino group acceptor in microbial and mammalian systems (14) , rather than D-glucose 6-phosphate (32, 33) .
It has been demonstrated that acetylation of D-glucosamine by pigeon liver extracts occurs by acetyl coenzyme A (9) , and that Neurospora crassa extracts acetylate D-glucosamine 6-phosphate (11) .
A specific phosphoacetylglucosamine mutase was found by Reissig (36) N-Acetyl D-glucosamine is known to exist in polymeric form in chitin, a compound that constitutes the exoskeletons of crustaceans and the cell walls of fungi, in heteropolysaccharides such as hyaluronic acid, and in the peptidoglycan of bacterial cell walls. In the past, higher plants were considered to be devoid of D-glucosamine or N-acetyl D-glucosamine either in free or combined form. However, it has been reported within the last decade that certain plants and especially pollen grains contain a substance which on hydrolysis produces D-glucosamine (19, 26) . This compound was also shown to be present in hydrolyzates of soybean glycoprotein (15, 23, 48) and in glycoproteins of a number of other plants (35) . It was isolated in crystalline form from the hydrolysis products of glycolipids of higher plants (8) . Extracts of pineapple plant tissue have been shown to give an Elson-Morgan test, indicating the presence of free amino sugar (41) .
Nucleotide-bound sugars have been shown to occur in higher plants. Thus, UDP-N-acetyl-Dglucosamine was isolated from mung-bean seedlings (Phaseolus aureus) (43) and the same sugar nucleotide was identified in extracts of barley plants (3) .
UDP-N-Acetyl-D-galactosamine was also later isolated from Dahlia tubers (17) . Furthermore, it was 1ILANT PHYSIOLOGY plhospllorylase reactioin. UTDP-N-acetylglucosamine plyrol)hosl)horylase activity was detected in liver (28, 42) anld in yeast (16) . Subsequently, pyrophosphorv-lase froimi calf liver and Staphylococcus alfrclts w-as purified and studied by Strominger and Smith ( 46) . The (barium salt) and D-glucosamine 6-P (bariuml salt). The barium was removed froml 1)-fructose 6-P by Dowex 50 (H ) and the solution adjusted to pH 6.5 wvitlh 1 N NaOH. D-Glucosaminie 6-P was freed from the barium wN-ith 0.5 N H..SO. and the acidic solutioIn kept frozen (6) . The folloNwing wN-ere purchased from Calbiochem: D-glucose-1.6-diP. 3-P glvcerate, 3-P-glycerate kinase and glvceraldehvde-3-P-dehvdrogeniase. Other nucleotides were commllercial preparations.
A nalytical .lletliods. Reducing sugars w\ere detected on paper with the aniline phosphate spray reagenlt ( 1) . Aminio sugars and their derivatives were mla(le visible by a ninlhvdri n spray ( 4). or by a mlodified chloriniatioin reaction ( 34) of Rvdon alnd Smiiithl ('38) . The V-acetvl-hexosmllines, after chromatographv on borate-treated paper (7), were detected wvith 0.5 N NaOH in ethanol (44), or with 0.5 NaOH in ethanol-1-propanol (6:4. v v) (40 Three-dav old whole mlung bean seedlings, germiniated witlh aeration, were slhaken several times in cold distilled water to free tllenm from the seed coat remiinants. All subsequent operations were performed at 0 to 50. The method for extraction closely resemiibled those used in this laboratory by l)revious workers. Lots of 100 g seedlings were ground in a chilled mlortar wvith 100 mil of ice-cold 0. Enzyme Assays. Enzymic formation of hexosamine-6-P and of N-acetyl-D-glucosamine-6-P was followed using a modified Elson-Morgan test (14. 37) with D-glucosamine and N-acetyl-D-glucosamine as standards, respectively. For hexosamine-6-P determination, the indole-hydrochloric acid reaction method (13) (1.6 ,umoles) of D-glucosamine-6-P, 25 (14, 24) . Using a freshly prepared 30 % saturated ammonium sulfate fraction as enzyme source, the formation of hexosamine phosphate was linear at least up to 5 hours, whereas with a preparation which had been stored frozen overnight the amide transfer reaction was linear up to 3 hours, and then the rate decreased.
From these experiments it may be inferred that the enzyme of the fresh preparation was not only more 0. The Dowex eluate was reducing as indicated by the aniline phosphate color test; it possessed an a-amino group as shown by the ninhydrin-positive reaction. Upon ninhydrin oxidation a compound which was reducing and which moved toward the anode was produced. After dephosphorylation with acid phosphatase, the compound yielded a substance which had a chromatographic mobility as that of authentic L-arabinose. Since galactosamine-6-P would produce lvxose after ninhydrin oxidation and dephosphorylation, it can be concluded that the Dowex eluate contained either glucosamine phosphate or mannosamine phosphate.
Acetylation. The results of the oxidative deamination indicated that the hexosamine phosphate was either glucosamine phosphate or mannosamine phosphate but excluded galactosamine phosphate. In order to ascertain the identity of this phosphorylated amino sugar in the Dowex eluate, the product was acetylated in a reaction mixture containing 0.05 ml of Dowex eluate (approx 0.5 ,umole of hexosamine phosphate), 0.50 ml of water, 0.10 ml of saturated NaHCO., and 0.10 ml of 5 % aqueous acetic anhydride in a total volume of 0.75 ml. The mixture was incubated for 3 minutes at room temperature, then placed in boiling water for 3 minutes (14) . After cooling, Dowex-50 (H+) was added to cessation of bubbling, the mixture filtered through paper and the filtrate evaporated in vacuo. To the residue dissolved in 30 ,ul of water 0.2 ml of citrate buffer, pH 5.5, and approximately 1 mg of wheat germ acid phosphatase were added. The mixture was incubated overnight at 300 and evaporated in vacuo, the residue suspended in 1 ml of water and 1.5 to 2.0 ml of mixed bed resin was added. After stirring intermittently for 30 minutes, the mixture was filtered The data obtained from oxidative deaminatlon and acetylation of the hexosamine phosphate support the conclusion that the compound produced upon incubation of D-fructose 6-P and L-glutamine with the mung bean fraction is D-glucosamine-6-P.
Properties of D-Glucosamine 6-Phosphate Transacetylase. A plot of cpm versus strip number for a reaction mixture and a control with heat-denatured enzyme is shown in figure 3 . As can be seen. negligible counts were detected in the area corresponding to the standard N-acetyl-D-glucosamine in the control. An experiment was carried out in which the D-glucosamine-6-P substrate was omitted but active enzyme was used. In the area corresponding to the standard N-acetyl-D-Iglucosamine, 80{0 cpm were detected for the reaction and 673 cpm for the control. Incorporation of radioactivity in this control was small in comparison to that of the complete reaction mixture. with that of the reference UDPAG compound was observed (fig 4) . No incorporation of radioactivity was observed at the UDPAG reference area when a previously-boiled enzyme extract was used, nor when UDP was substituted for UTP. By analogy with other mutase and pyrophosphorylase reactions (see also next section), these results show that the mung bean extract contains an active acetylglucosamine phosphomutase catalyzing the interconversion of N-acetyl-D-glucosamine-1-P and N-acetyl-D-glucosamine-6-P. Thus the path N-acetyl-D-glucosamine 6-P --N-acetyl-D-glucosamine-l-P --UDP-N-acetyl- Pyrophosphate is the second product of the reaction catalyzed by pyrophosphorylase in the direction of UDPAG synthesis. It was hydrolyzed by inorganic pyrophosphatase to orthophosphate, thus ensuring irreversibility of the reaction.
The products of the reaction catalyzed by pyrophosphorylase in the direction of pyrophosphorolysis were also identified. Thus, a reaction mixture containing 0.5 ,umole of UDPA'G, 1 Inhibition of L-Glutamine and D-Fructose 6-Phosphate Amidotransferase. Since amidotransferase from mammalian tissue is inhibited by U'DPAG and this inhibition is absent in bacteria (20) , it was of interest to learn whether a mechanism of regulation of the pathway leading to UDPAG biosynthesis is operative in a higher plant. Figure 5 shows that amidotransferase of P. aureus is inhibited by UDPAG, although to a lesser extent than the enzyme isolated from mammalian tissues. Specifically, the amidotransferase of P. aureus is inhibited by UDPAiG to an extent of about 60 %, independent of further increment in UDPAiG concentration, whereas the enzyme from mammalian sources is inhibited to about 80 % (20, 22) . UDPG does not appreciably inhibit the enzyme. Under the conditions of assay, the partially puirified nimtng bean 
